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(54) Multi-class connection admission control method for asynchronous transfer mode (ATM) 
switches 



(57) A multi-class connection admission control 
(CAC) method that supports cell loss and delay require- 
ments. In this model-based CAC, the source traffic is 
described in terms of the usage parameter control 
(UPC) parameters. Through analysis and approxima- 
tions, simple closed-form methods to calculate the 
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bandwidth required to meet guarantees on quality of 
service (QoS) are used. In addition to being robust, the 
CAC achieves a high level of resource utilization and 
can be easily implemented for real-time admission con- 
trol. 
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Descripti n 



TECHNICAL FIELD 

This inven.cn relates to the field of telecon—on in particular to a method for mufti-class connection 
admission control for Asynchronous Transfer Mode (ATM) switches. 
nFRP.RlPTION Q P tmf PRIOR ART ANO PROBLEM 

^oad*™*^*^"^ 

with widely different traffic charactenst.<* and qualrty o J™^^^^ (UPC ) parameters. The users 

can be met. users must declare traffic <**^ 

must also declare their QoS expectations .which can ^e^P^toapp P - 3 ^ QVQhxhe ^ 

ATM network Wth the informaKo J^^^J^^Z^ for a connect shou.d be accepted 
of a connection adm.ss.on controller ^ A ^y™ n ^ t a new connection is based on the availability of resources 
or rejected. The determination made ^^^^Z ~ e user with a new connection can be guaranteed, 
(bandwidth and buffers) which ensures ^^^S^SSJn Emitted to the network. These "resource require- 

=aT^^^^ 

XSied bit rate (UBR). THe QoS parameter of parteula, interest are. 

(„ Pe.k-.o-P** cell delay variation (CDV) ana maximum celt transfer delay (CTD); and 
25 (2) Cell loss ration (CLR). 

• ^„tc ar p auaranteed in a probabilistic sense. The source traffic is characterized 
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(1) Maximizing the resource utilization; and 

(2) Guaranteeing the committed QoS for all accepted connect.ons. 

Inportantiy.theCACmust^ 
able processing capacity on the ^P^^^SiSL of QoS. and the need to maintain a reasonable level 
traffic provided by the UPC P aramete ^^ efficient and robust CAC. 

of resource utilization, it remams a signrfcant challenge todwmp o mode|i and queujng analysis as applied to 
The prior art exists which has p^rmec exa'mple. A. Elwalid and D. 
connection admission control and ^^^^^Z^ and Admission Control of High Speed Networks". 
Mirtra "Effective Bandwidth of ^T^S^S R Guerin , H. Ahmadi and M. Nagshineh. "Equivalent Capac- 
IEEE/ACM Trans. Networking. Vol. 1. pp. 329 343. laws, n IEEE Journal on Selected Areas in Commun.- 

ity and its SSSSSSSi' ^Multi-type Queues". Queueing Systerns. Vbl. 

cations. Vol. 9. pp. 968-981 . 1991 . and F. P : Kelly tnecn a Hum „ Effectjve Banc^dths 

9. pp. 5-15. 1991). and recently large delation metn0 * | (S Q e ^ n e ^ * J ^ • j y Hui "Resource Allocation for Broad- 
for'tne Mu.ti-type UAS Channel". Queu ^^^^^^^'^^eOB. 1988; and B. Mark and G. 
band Network". IEEE Journal <**£**»^ in ATM Networks". Proc. INFO- 

Ramamurthy. "Real-time Estimation of UP JX ^oo^to^anXe the underlying problem. Traffic model assumptions 
COM'96. Vol. 1. pp. 384-390. 1996), are w.dely ^^^^^^5, these studies, the analysis either 
range from simple renewal models to « and exponential assumptions), 
depends on restrict a " d cq ^^ of matrix computations and solution of eigenvaiues. 

or involves complex and co ^^ t,0 "^ c ^ e "? t !;L jcal for rea |^ma admission control schemes. 
Therefore, results based on such me ^^"° c ^^ ^ *. UPC parameters have been proposed. A simple. 
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delay variations (See, for example, Performance Evaluation and Design of Multi-Service Networks, edited by J. W. Rob- 
erts, COST 224 project, 1992). 

Another prior-art approach to CAC was described in an article entitled "Equivalent Capacity and its Application to 
Bandwidth Allocation in High Speed Network" which appeared in IEEE Journal on Selected Areas in Communications, 
s 1 Vol. 9 t pp. 968-981 , 1991 . This method uses a two-state Markovian model, and computes a probability of the instanta- 
neous aggregate rate exceeding the available capacity. If the probability is less than a target value, the connection is 
admitted. While this method is more efficient than the first one, it fails to take advantage of buffers, thereby leading to 
under-utilization. 

A prior-art method which utilizes buffers is generally known as the "effective bandwidth" method and has been 
10 described in articles such as "Effective Bandwidth of General Markovian Traffic Sources and Admission Control of High 
Speed Networks", which appeared in IEEE Journal on Selected Areas in Communications, Vol. 9, No. 3. April 1991. 
The effective bandwidth method is reasonably accurate and efficient when the number of sources being multiplexed is 
small. However, when the number of multiplexed sources become large; it fails to take advantage of the benefits of sta- 
tistical multiplexing. Further, in the UPC descriptors (X p A*, B^ t B s represents the maximum burst size that can be 
is transmitted at the peak rate A, p . However, many of the models based on equivalent bandwidth take B s as the average 
burst size. These two factors lead to conservative estimates of the equivalent bandwidth, resulting in reduced efficiency. 

Recently, Elwalid, Mitra and Wentworth in an article entitled "A New Approach for Allocating Buffers and Bandwidth 
to Heterogeneous Regulated Traffic in an ATM Node", which appeared in IEEE Journal on Selected Areas in Commu- 
nications, Vol. 13, No. 6, pp. 1 1 15-1 127, August 1995. developed new models to calculate effective bandwidth for UPC- 
20 based traffic sources and obtained some simple solutions. Unfortunately, however, one still has to deal with a root-find- 
ing problem to take statistical multiplexing gain into these models. 

Therefore, a continuing need exists in the art for methods which solve the above problems and provide CAC exhib- 
iting high link efficiency and low computational overhead thereby making it practical for real-time admission control. 

25 SOLUTION AND SUMMARY OF THE INVENTION 

fThe above problems are solved and an advance is made over the art according to our invention of a model-based, 
multipass connection admission control policy for high speed ATM switches in which source traffic models are based 
uporf declared UPC parameters from traffic sources. Advantageously, the CAC supports the QoS guarantees such as 
30 CDV and CLR. 

Viewed from one aspect, the CAC method utilizes a free pool for bandwidth management in a multi-class hetero- 
geneous traffic environment. For CBR connection admission control, an approximation is used which permits the man- 
agement of heterogeneous CBR streams with reasonable CDVTs. For VBR connection admission control, the method 
utilizes a lossless multiplexing model for bandwidth allocation, providing great efficiency for a small number of connec- 

35 tions. To achieve greater statistical multiplexing gain, the source model is modified to account for buffering effects. Sub- 
sequently, a more accurate approximation is used for CLR. 

In addition to its robustness and efficiency, the CAC method can be implemented in real-time systems because of 
its computational simplicity. Advantageously, bandwidth calculations only require simple arithmetic computations and 
minimal physical memory requirements are imposed upon a computing system. 

40 Further features and advantages of the present invention, as well as the structure and operation of various embod- 
iments of the present invention are described in detail below with reference to the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

45 The teachings of the present invention can be readily understood by considering the following detailed description 
in conjunction with the accompanying drawings, in which: 

Figure 1 shows an input/output buffered switch architecture for use with the invention of the present application; 
Figure 2 is a flowchart depicting CAC to connect or disconnect a call; 
so Figure 3 shows a single server queue model for the CAC; 

Figure 4 shows source modifications for VBR connections; 

Figure 5 shows the complementary waiting time distribution of a superposed stream of one 64 Mbps stream and 
1 000 64 Kbps streams; 

Figure 6 shows the complementary waiting time distribution of a superposed stream of 40, 3.5 Mbps streams; 
55 Figure 7 shows the number of VBR streams which may be admitted by different CAC schemes; 
Figure 8 shows the number of VBR streams which may be admitted by different CAC streams; 
Figure 9 shows the performance of the CAC for mixed CBR and VBR connections according to the teachings of the 
present invention; and 
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Figure 1 0 is a time line showing bandwidth aliocation 
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from CAC for frame-based scheduling. 
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« m riaQi k to output j will be limited to 
Further, the maximum queue size of class K to ourp 
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.Kicanbesetbyanetw.r^nagement system (NM S). For symme.ica. ioading 
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We assume that C k (k = » . ^. J 
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a free pool of bandwidth of C ( ( 0 < C f < C| ink ), where 



K 

Cf - Clink " ZQc- 
1c — I 



Wit[ y$ er€|nce now to F '9 ure 2 * there '* shows a flow diagram of the CAC for the admission and tearing down of calls 
usiri^pur inventive method. Each time a new class k connection request arrives, the CAC first identifies the class of 
w service 210. Next, it determines the amount of additional bandwidth that must be allocated to the class in question (i.e., 
class k) if this new connection is to be accepted with a guaranteed QoS 220. The connection is accepted if this addi- 
tional bandwidth is available in the free pool 230, and the total bandwidth allocated to the given class kdoes not exceed 
the limit 

• 

set by the network management system (NMS) 240. Otherwise, the connection is rejected 250. If the connection is 
accepted, the bandwidth available in the free pool is reduced accordingly 260. When a connection is disconnected, the 
20 class of service associated with the call is first determined 270, a bandwidth calculation is made to determine the 
amount of bandwidth to be released back to the free pool 280, and the call is subsequently disconnected and the cal- 
culated amount of bandwidth is returned to the free pool 290. 

With further reference now to Figure 2, note that the CAC only performs a logical allocation of bandwidth, and there 
is no strict partitioning or reservation of bandwidth. Thus, at the cell level, at any given instant, if a certain class of traffic 
25 does not make use of its allocated bandwidth, advantageously the unused bandwidth can be used by other classes. 

For an input/output buffered switch, the CAC is exercised at both input port and the output port. When a new con- 
nection request arrives at input port i. heading to output port j, the CAC calculates the amount of bandwidth needed to 
support QoS of this connection, taking into account the connections that have already been accepted at port i and j. It 
then checks if this bandwidth is available from the free pool at input port i, as well as from the free pool at output port j. 
30 The connection is accepted only if the CAC can find enough bandwidth at both the input port and the output port in 
question. If the connection is accepted, an appropriate amount of bandwidth is removed from the free pool at both 
sides. Similarly, when a connection is disconnected, the bandwidth released by the connection (as calculated by the 
CAC) is returned to the free pool at both the input port and the output port. 

Importantly, the CAC only performs a logical allocation of bandwidth to the various classes of traffic. Actual alloca- 
35 tion is ensured by the scheduler. For purposes of illustration, we now assume a frame-based scheduling method to allo- 
cate bandwidth, and show later how to modify our CAC to accommodate the QoS with the frame-based scheduling. 

In particular, suppose that C link is the link bandwidth and b is the number of bits per cell, the time to transmit one 
cell is given by b/C, ink . We define a frame as consisting of N f time slots, where, during each time slot, one cell of b bits 
can be transmitted at the link speed C| jnk . Then, allocating a bandwidth of C k to class k is equivalent to assigning n k time 
40 slots to this class out of each frame, where 



45 



This is the frame-based scheduling method for bandwidth allocation and cell transmission it is depicted in as Figure 

10. 

so Since the CAC is executed for each class at each port of the switch, the multi-class connection admission control 
can be formulated as the following queuing problem: 

As depicted in Figure 3, there are n existing class k (i.e., VBR) connections 300, feeding to a single server queue 
with an allocated bandwidth or service rate of C {? d (Mbps) and a buffer space of B k (cells). The specified QoS guaran- 
tees (i.e., cell delay and loss) of these n connections are currently met by the system. When a new class k connection 

55 request arrives 320, the CAC has to determine the amount of new service rate or bandwidth C j}** that is needed to 
ensure the same QoS guarantees for the n+1 connections (including the new arrival) are met. The amount 
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0> **— , ,c the specHied QoS guarantee for the new and existing connections should be sat- 

locating the add^ 

isf ied. This requ,res us to take into ^ ^ 

(2) Unk efficiency „ nuararrtees are satisfied, the allocation w « ctatistica i multiplex- 

must progressively decrease. De rtormed in real time. 

calculate Additional bandwidth. 

. «« r AC shall guarantee for cell loss is 
The QoS requirements that the CAC snai. gu ^ 

CLR < si. 

-.«--s-;ss.v■^------- , -* ,,, """ ,,,-, " 

arrive. The QoS requirements for cell aeiay (2) 

Prob[CDV>t max ]<e 2 . 
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Note 1M the constiarts in (1 and W» , n ewne^ "NM™ ^^.c, 

»<*«• -*« ^ e o r R "^SgX« «• loss 

UPC parameters, (Xp. Xs. Bs). 

e^ 851555 ^ 0 ^ 9115 ,h UPC parameters can be described as 

However, if the CDV ana oi-n analvzed via the XDj/D/1 queue. In 

overall peak rate for a supe rposrtion of CBR ^"^.^.^AX Requirements in an ATM Mul- 

The waiting time distribution for a s p^ ^ ^ ^ Virtam0 "Evaluabng J Buffer roqu and deriV ed the 

tiplexer". ^^SaM computations of these bounds ,r~ofves complex om ^ ^ 

root-finding problem. However, .t still involves homogeneous CBR 

tearing down connection* n for ^ ^ng distribution has been 

so j2wr^ 
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ProbfWaiting time of an arriving cell > t] 



exp 
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- C cbr - 



Ccbr^ 



no* 



(3) 
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where b is the number of bits in an ATM cell. 

Sipce the minimum waitina time of a roil »u 



ProbfWaiting time of an arriving cell 



20 



This probability can be computed from eausiinn (<*\ -n, 

P ea rrom equation (3). The mean waiting time is therefore given by: 



time 
(4) 



W 



25 



B~ l (n - l, fia>& 
nR 



*> - l] (5) 



where,e(a.b) is ihe Ertang toss formula. 



time Vy and the service rate C 



cbr. 
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the queue length Q seen on arrival, the waiting 



o*w* Ccbr . 



Thus we can approximate the cell loss probability by the 



overflow probability: 



40 



CLR » Prob[A cell is blocked] 

* ProbCQueue length on arrival>B cbr ] 
= Prob[Waiting time seen by arriving cell>&&£] 

r Ceb » 

= ex 
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where is the buffer capadty for the CBR queue 

address this problem. When heterogenous cb^J-I 6 operat,ons - H °wever. we use a simple heu Sfr S 

formance are the multiplexed toadTe^umbef of rlTJT *H mu,tip,exed ' *• P^-^hSi£5^ 
Pose that H, is the lowest rate among £Sm corS P f o^™' a " d *• period ° f »• «£22? Sun 
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Given z z and t^, we 

^ tmax 

T , (7) 



Ccbr 



V 

10 . . wittl rate FVThe amount of bandwidth 



required 1 

K * Rb (8) 

3cbr _ 
K Best 



ca?» b 



With the above analysis, the CAO proceu 

• « lQ nt number of basic rate CBR sources j = X p/Rb- equivalent number of 

basic rate sources. Let K oe xne iu 
the new connection request. 

K = 3 + ■ ' 

30 , J R„ 

^ ^ « ; t *ho npak rate of CBR connection i (i = 
. nnc that are already admitted, X P is the peaK raxe o 
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where 



(9) 
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.r^ that the CDV constraint is met as in 



ertion is accepted and the amount of bandwidth available in the 

i ^ ark+ cx/otem the connection ts accepiw a 

| set by the network management system, me 

1 free pool is reduced by /W 
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The procedure for a tear-down can be carried out in a similar way. 

The complexity of implementation is very low for the prr pap th^ ««i • * 
of peak rates of all existing connections i.e ° n,y ,nformat,on we ™ed to keep i s the sum 

and this quantity is updated every time when a CBR connection is admitted or disconnected. 
A Frame-Based Scheduling for CBR Traffic 

The above analysis assumes a single CBR queue with service carjaettvP * u 

ensure the QoS requirement under frame-based scheSg ^ ^ ^ *** haV8 to be modified to 

We can find the number of time s.ots (out of each frame, assigned to CBR Cass through the foHowing steps: 

(10) 




4. F,nd new CBR capacity C %>, using Equation (9) so that the modified QoS requirement for delay 
Prob[CDV > ( W ^ j < E2 (12) 



is satisfied. 

5. Find the new number of time slots assigned to CBR class: 



nlbc 



Clink 
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(13) 



diStribUted mi, ° rm,y °~ *" frame ' ^ ^ due to the scheduling 
canbTaJr^otcTss 8 ^^^ 
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to 48 provides a relatively good compromise. 
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m entin (1 2). From our studies, weiind that N f = 32 

G&SJojJfBBCwU* 651 *- 05 - . jij-j as variable bit rate (VBR) sources. 

Sources subscribing to ^^SffcWI and cell delay variat.on (COV). 
QoS requirements are cemoss ratio ^ 

CLR < e v 

ProblCDV>t max ]<£2 ( ^ 

E,ul«l"«S<»"CeH«mcM0<>el nework»reaulat«latlhe S ou«» 

and M ofTper iods 9 ivenby 
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Bs (14) 
— r * * 
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= 5i and Ta££ - i; 

-or. A 3 



. = ^. as) 

e,sn * Tan + Toff X P 
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BuHeI «, Lossless Mul«I««lnO *>« aaem i™s.ic bshsvi" ol *e WW 

—•««■ nsriod T'n as obtamed from fl*J. 



the "on" period T' c 
period is 
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We make the simplifying assumption that the ratio between Qj and the overall buffer allocated for VBR traffic is 
same as the ratio between its burst size Bs and the sum of the burst sizes of all n connections. That is 

5 ' — = =r*-7* i=l,2,.. M n. (17) 

Bvbr Zj^i Bi 
To avoid any cell loss, it is sufficient that 

10 

SQi * Bvbr- (18) 

i a 1 

15 

Solving (16), (17), and (18) for c* and also noting that the bandwidth allocated to each connection should be at least 
equal to its sustainable rate kL in order to keep queue stable, we have 



20 f 



e- = max 4a - • (19) 

v 2-i »i Bs / 



25 Therefore, the overall bandwidth required by these n connections under this lossless multiplexer model is 



Zn 



c 1 . 



30 If a new connection with UPC parameters (A.p , A. & . Bs) has to be admitted, we can calculate an equivalent band- 
width, c 1 , for each of the n+1 connections: 



35 



* = maxf x£ (1 - *y r >, xjl , i = 1, 2, .... n+1. 



(20) 



Then the new overall bandwidth to be assigned to the VBR class (if we admit the new incoming connection) with QoS 
40 guarantee on CLR, is given by CCb : 



45 



f 



50 



Now, the maximum waiting time t for cells from all connection is 

* ~ B vbr /C wbr - 

If t <; t max , then the QoS guarantee of CDV is satisfied as well if C n vg? can be allocated to VBR traffic class If t > U 
we have to re-calculate C by substituting B^ in (21 ) with 

A — . r new ★ . 
55 ^vbr ~ L vbr ^raax • 



Therefore the additional bandwidth required to support this new connection is given by 
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01 — ^vbr vvbr 



implement this CAC, we 
rates 
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the sum of sustainable rates 
the sum of burst sizes 

2 i = l Si • 

All these quantities are updated when a VBR connection is admitted or disconnected 
2. Modif ied Source Model 
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^e— mdoesno,^^™ 

H is well-kno*-. thai the cell loss ft. <WWr •««•■ °" * e t * 9r hand ' 

•orti^ce ^elTlhe previous .ex, as «*o~. We detine a oaa. .me nerval: 



(22) 



45 



. + „ h, iffpr that is half-full We then construct a new two-state model for the 
which can be viewed as ^™^££^T^*<* «* with rate * ^ < see ^ 4) ^ ^ 
source. The two states are a h,gh rate njgn and the low rates are gK,en by: 

occur with probability p on and (1 - p on ) , respecuve.y. y 



50 
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^^.^^oa-^x; 

tf - —(oA - « (23) 
Thus. ft. screes tfft M sizes ft. a,e small compared ,o ft. bu«e, size, are modeled « ft* averse *ara«,-. 
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istics while sources whose T on are larger than T N are not significantly altered by this model. This step will reduce the 
bandwidth requirement for source with small burst size. Note that in the two models (14) and (23) the sources have the 
same average rate of X' s . 

From equation (23) as the burst size becomes large compared to the buffer size (i.e., as Ton /T N becomes large), 
s \ H (t) -> Xp and X L (I) -> 0. That is, for large burst sizes, the modified source model behaves like the worst case 
"on/off- model. However as the burst size becomes smaller, T on /T N -» 0 and X H (I) -» X$ and X L (A) x s . That is, 
the modified source model behavior approaches the average behavior of the sources, thus reducing variance. The 
arrows in parentheses indicate whether x^ and X L increase or decrease. 

10 Buffered Statistical Multiplexing Model 

Based on the modified "on/off" source model in (22) and (23), we approximate the aggregate traffic stream R(t) of 
all VBR connections by a Gaussian process. We calculate the cell loss ratio defined by 

CLR def E[R(1:) - Cr , 



20 using integral approximations. 

Let Kfl old and be the mean and variance of the aggregate arrival process due to all existing VBR connections 
(i.e., before admitting the new connection). Let M new and be the mean and variance of the aggregate arrival proc- 
ess due to all admitted VBR connections after the new VBR connection is admitted. Then 



U) 2 Pon(l - Poa) - (24) 



Mnew = Mold + ^.3 
2 2 * 



30 

Let 



35 n = e , (25) 

and 

C, = C " Mnaw , (26) 

45 where e = min(e 1 ,e 2 ) . 

We can show that, given that R(t) is approximated by a Gaussian process with mean lvf new and variance erne 
solving the inequality 

so „ Tn S[R(t) - C] 

CLR dec — - — — < z 

— E[R(t)] 
for C is equivalent to solving the following inequality for £ 

55 
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fx * 



(27) 



, proposed in [9]. which is in fact the Prob[R(t)>C]. rather than 



is approximation in (27) is more accurate than the one , 



This 
w CLR. 

Solving (27) for we have 



log (-2 log -JV .0; 



- - \{ - leg -2n leg ft) ) - ^ 0- ' " i-iog-.n) ') C 28 > 
a 1.8 - 0.4 5 logj.0 (T1) 

(29) 



20 where 

From v — ,. . 

QoS guarantee of CLR and CDV is grven by 



25 



30 



^.ere.ired^ 



5 2 - c5K - <=^ 



.Id 



THus, combining two mod^s. the additiona. bandwtfth cw is then given by 

35 A vbr = min[5 v 8 2 ]- 

■ hWfl in the free DO ol of bandwidth (i.e.. A^r * c t) and 
The new VBR connection is admitted if a capacity /W . avalable .n the free poo 
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NO?** the **e,in9 m J? *^ a ^TLs«cal mu.«plexe. mo<M w*°ut buWs. 

through a modified source model. 
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Summary of the CAC Procedure for VBR Connections 

When a new VBR connection arrives with UPC parameters (Xp ,X S ,B S ), we perform the following steps: 

5 • Construct a fictitious "on/off" source model by using (14) and (15). 

Determine the required bandwidth C IS? based on the lossless multiplexer model: 

Calculate Cvb? using (21). 
- If the CDV constraint is not met, re-calculate CIS? using (21), replacing by C lb? *t max . 
10 - Determine the additional bandwidth required to support the new connection: 

$1 " c vbr Wbr' 

15 

Find out the required bandwidth C IS? based on the statistical multiplexer model: 

Construct a modified "on/off" source model using (22) and (23). 
20 - Calculate CIS? using (24), (25), (28) and (29). 

Find out the additional bandwidth required to support the flew connection: 

8 2 = CSS? - c°&. 
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30 



35 



50 



be 

The additional bandwidth required to support the new connection is 

A vbr = mints.,, 5 2 ]. 

the new VBR connection is admitted if a capacity is available in the free pool of bandwidth (i.e., ^ Cfp) and 



Summary of the CAC Procedure for VBR Disconnections 

40 When a VBR connection with UPC parameter (X p , X s . B s ) to be disconnected, the following steps are performed: 

We first construct a fictitious "on/ofT source model by using (14) and (15). 
Find out the required bandwidth C IS? based on the lossless multiplexer model: 

45 - Calculate the bandwidth required for the remaining n connections (excluding the one to be connected), 



Zi-i BS i-x J 



If the CDV constraint is not met, re-calculate CIS? using the above procedure and replacing by 

C vbr *t max . 

55 - Find out the bandwidth to be released: 
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8 2 = c?,& - CSS? 



_ ^. ^r n l w hased on the statistical multiplexer model: 
. Find out the required bandwidtriCvbr baseaonme 

Macv 3 Mold ~~ 

anew = fflid - CXa - U ) 2 Port tl - Pon> • (30) 
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35 



Then CW can be computed similarly by using (25). (28) and (29). 
Find out the bandwidth to be released: 

5 2 ~ maxfcS& - CS25 



25 . Theamountofbandwidththatcanbereleasedisthengivenby 

Avbr-maxlS,. 8 2 1- 



And is returned to the free pool, 
rtr far ABB Connections 

.^=========== — " 

(1) Peak cel. rate (PGR), the cell rate ^^Z^^£t%^ to send. 
2 X*num cell rate (MCR). the cel. ^^^^JSSStf and after an idle period. 
l S 2SS ^S:SS^SS- - -mission rate may increase upon rec« P t 

40 ofanRM-cell. 

Note that the ABR CAC shown here only guarantees MCR. 
Let 



45 



^-tncr 



.. matcanbe reservedfortheABRc.a S s to 
be the maximum capacity that can be reserves iu 

pool for ABR service is: 

50 c f = c, ink - c cbr - c vbr - c mcr , 

where C mcr is service rate currentiy aHocated to existing ABR connections. 
55 MCR and RM C II Bandwidth 

When a request from a new ABR connection with 
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M CR = X mcr 



arrives, the call is accepted in an amount of bandwidth equal to Xmcr is available in the free pool (i.e., MCR* ^ C f ), and 
the total capacity reserved for ABR including the new request is less than 



^mcr • 



10 In the event that the required MCR cannot be supported, the switch can either offer a lower value for MCR or set MCR 

= 0. 

An additional consideration or requirement for ABR CAC is to reserve bandwidth for resource management (RM) 
cell transmission in the reverse direction. The RM cells carry congestion control information and thus have higher pri- 
ority. Let 

15 

Cmax 
mcr 

be the maximum capacity available to ABR class in the forward direction and K be the number of active ABR connec- 

20 tions (including the new request). Given X x m <x and N j. m , i = 1 , 2 k, where N ; m is the number of data cells between 

successive RM cells, we can compute the required RM cell bandwidth in the reverse direction as 



25 



pmax _ v^k 1 i 
W&r Mai ^-tftcr 



z 



1 = 1 



(31) 



Therefore, upon receiving a new request, we also have to check if there is enough bandwidth in the free pool for RM 
30 cells (i.e., if C rm < C f ) in the reverse direction. 
The average capacity for ABR. namely 
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cbr 



vbr 



40 



Note that this available capacity for ABR can be fluctuating with time. 
Choice of Peak Cell Rate (PCR) 

The peak cell rate for a new ABR connection can be set equal to one of the following: 



45 



PCR - Clin* - S X| br - £ X/ bE 
cbr vbr 



Choice of Initial Cell Rate (ICR) 

Let Babr be the total buffer capacity available for ABR service. Let the average number of sources that are likely to 
become active in one round-trip delay be m. Assume that when m users become active with a nominal rate ICR nom dur- 
ing a nominal round-trip delay RTT nom , the resulting increase in queue length has to be restricted to B t> where B 0 + B 1 
< Bgbp and B 0 is the steady-state queue length. Thus 

^'CRnom^RTTnom^B,. 

or equivalency 
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= Bx _ m (32) 

ICRnctti + dtT*.^« * 



The round-trip delays can vary between 



RTT^sRTTnom^RTTmax- 



to 



15 



me switch will inform each user the amount of butters (TBE) . can use: 



TBE = -7- 
m 



^-r /dtt < rtt < RTTmav), source i will use an initial cell rate 
„ ,he round-trip delay of source i is the RTT, (RTT min < RTT, , RTT max >, 



TBS 

20 ICRl - RTTi 
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30 



. x »h=n ipr if RTTi is greater (smaller) than RTT nom - 
Note that ICR, may be smaller (greater) than lCR nom n fu s " 

Choice of Rate increase Factor (R.H from ICR to the advertised explicit rate (ER). Now the 



. ^♦«rr e RiEjJ£S dt (33) 



IU*lCRnoni I? c Nrrti 



40 such that 



This gives the equation 

45 



B 0 + B 2 < B^ 



2 



VM * ICR 1 



50 



55 



SCution of Eq. (34) gives the RIF that an ABR source can use. Note 
larger AIR. 



(34) 

that from this equation, a smaller ICR allows a 
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Modification and Adaoti n of CAC 



CAC for Traffic Streams with CDVT 



CDVT (cell delay variation tolerance) is the maximal CDV that is allowed in a traffic stream by the policing mecha- 
nism. In the current ATM forum traffic management specification [2], the CDVT is a mandatory parameter for any CBR 
connection traffic descriptor and is optional for VBR connections. The CDVT represents traffic stream's rate fluctuation 
at the cell level. For a perfect CBR stream with peak cell rate X p >Q, cells arrive with a constant inter-arrival time 



10 



is 



But for a CBR stream with CDVT, the actual arrival epochs of cells may deviate from their targeted times. Thus, the 
actual cell rate of this stream may be higher than its normal peak rate Xp for a short time period and the increased short- 
term cell rate can be as high as the link rate C ljnk . For example, suppose that m consecutive cells of a CBR stream with 
normal peak rate Ap arrive back-to-back, effectively they come at a link rate C| ink for a period of 



20 



m 

-'link 



25 



35 



The maximum CDV experienced by the last cell of this block is 



m * (— — ). 



Clink 



30 Similarly, for a VBR stream of peak rate Xp t cells may arrive with an even higher rate (up to C| ink ) for a short period of 
time during a burst period, when cells are actually supposed to arrive every 



40 



45 



So. strictly speaking, a CBR or a VBR stream with CDVT is indeed a VBR stream at the cell level. But the time period 
of rate fluctuation caused by CDV (tens or hundreds of micro-seconds) is orders of magnitude shorter than the burst 
time period of VBR streams (several of tens of milli-seconds). 

The traffic models of CBR and VBR sources for the CAC developed in previous sections do not take CDVT into 
account explicitly. Since these models are on the conservative side, the CAC may be used as is to accommodate traffic 
models with reasonable values of CDVT In the following we outline a method to modify CAC to handle CBR and VBR 
traffic streams with CDVT > 0. 

Assume that a CBR or a VBR stream has UPC parameter (Xp , x' s . Bs ) and a CDVT = t* CDVT for peak rate. The 
link rate is C, jnk and a buffer of B (i.e., B = B cbr for CBR traffic or B = B ^ for VBR traffic) is available. We want to map 
this stream to a stream with UPC parameters (ip.xi.Bi), i.e. X p > A.p , and CDVT = 0. We proceed as follows: 

Find the maximal possible peak rate X p and the corresponding maximal cell-clumping period f on as: 



50 



55 



CiinJt / 
1 



1 . ' 

, tcDVT 



if tcovr 5: — 



CiinJc 



(35) 



otherwis 



and 
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Ton 



1 1 

- , if tcDvr 2; 



w 

Note that 



— - tcDvr otherwise 
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Clink 



25 

If 

* < -L - 1 

30 



Xo Clink 



n th* model captures the worst case behavior of a stream with 
there is no cell-clumping at link rate Cw, Th.s model capture 

35 CDVT = t CDV T- 

I on i 1 - ' » &1 ""' ' 



40 

the 

45 .^-.^P 
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B p = .A. p T on 



Let Ap and Ton, 

i ^tnnrther We store the following information 
maximal number of cells that can clump together, we 

1*4' .i,^ • 

.-I i-i 

Tnen. the mod«ied new peak rate for the incoming connect is computed as 
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Amp f 

a — tcDVT 

if <x P + 12.1 xp) * a - ° } > a; + zUi & , < 3 7) 

Bp Sp 

Xp , otherwise 



Where a = 6.625 milli-second, the inter-arrival time of a 64 kbps voice connection. We then replace the original UP 
parameters (X p , X s . B s ) by ( A. p , X s , B s ). Whenever a connection is admitted or disconnected, we update the quan- 
tities 

15 

iip/ ixi>- and £§i . 

20 

Measurement-Based Dynamic CAC 

The CAC we have presented in the previous sections makes decisions based on the declared UPC descriptors 
from sources. In order to guarantee QoS and achieve robust CAC performance, worst-case traffic models have to be 
25 assumed when calculating the required bandwidth. Due to this worst-case traffic assumption, a lower utilization may 
result, especially when a large portion of traffic are VBR connections. In an effort to improve the network utilization, 
measure-based connection admission control schemes have been studied and we now show how the CAC for VBR 
connections can be modified to take advantage of measurements. 

The modified "on/off" VBR source model is a worst-case source model, based on the declared UPC parameters. If 
30 the arrival process of admitted connection can be monitored, the values of Kff old and ctow can be obtained from a com- 
bination of measurements and declared UPC parameters. This will improve the efficiency of the CAC further. For exam- 
ple, Eq. (24) can be written as 

M new = k M old ( cac ) + 0 - k ) M old ( mes ) + * s . (38) 

35 

^nGW= k ^old( mes ) + (^H) 2 Pon( 1 "Por,)' 

where 0 <> k <£ 1 , lvT o(d (cac) and aoid (cac) are the mean and variance in the aggregate arrival rate of existing connec- 
tions as computed from the declared UPC parameters, and ffl OId (mes) and a Sid (mes) are the mean and variance in 
40 the aggregate arrival rate of existing connections obtained from measurements. The parameter k is called smoothing 
parameter. 

The measurement includes the mean and variance of arrival rate and cell loss ratio (CLR), which are based on sta- 
tistics collected during fixed time intervals. We call these time intervals the measurement periods. All statistics are 
updated after each measurement period. The measurement period can range from hundreds of milli-seconds to tends 
45 of seconds. 

The parameter k is subject to tuning by the NMS. When k = 1, the dynamic CAC assigns bandwidth based on 
source UPC parameters. This may result in over-assignment of bandwidth due to conservative UPC parameters (notice 
that the substain rate X 2 > average rate Xg). On the other hand, when k = 0, the dynamic CAC assigns bandwidth solely 
based on the measured statistics. This may mis-judge the bandwidth requirements by the connections due to the poten- 
so tial inaccuracy of measurement data. Therefore we need to find an appropriate smoothing parameter k for the dynamic 
CAC. 

In the following, we outline our procedure for dynamically adjusting the smooth parameter k: 

Let At , A 2 An, A„ +1 be the measurement periods, CLR n mes be the cell loss ratio measured during period A,, 

and kn be the smoothing parameter chosen after period Ap. 
55 Let CLR tar be the QoS required by the connections and e < 1 , a, p > 1 . 

1. Setk= 1 initially. 

2. After each measurement period Aj, 



5 

X p = 
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a»x<awVci-i' a l' L£ cLR«r ' (39) 

. - CLR«e> 2. 6 
ovinias 3 * ki-i)' Lt CLBtar 



10 



15 



The constants , a, p, a, and a 2 are chosen by the NMS. 
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VBR (917, 927) connections (500 cells). The queue of CBR connections has a higher service priority over the queue 
for VBR connections within each input port. The output port has an output buffer of 128 cells and serves the two input 
ports in a work-conserving, round-robin manner. If the output buffer is full, a Tjack pressure signal" 930 is sent back to 
stop cell transmission from input ports. The cells are discarded at input ports if the input buffers are full. As depicted in 

5 this Figure, we have 40. 3.5 Mbps CBR streams and 20 MOBI VBR sequences feeding to the first input port, and 60 1 .6 
Mbps CBR streams and 10 MOBI VBR sequences feeding the second input port. The UPC parameters for the MOBI 
sequences are X p = 1 7.38 Mbps, X Q = 1 1 .87 Mbps, B s = 83 cells. The required QoS are Prob[CDV > 300 jis] < 1 0' 6 and 
CLR = 0 for CBR connections and CLR < 10" 5 for VBR connections. Using our inventive CACs, the overall required 
bandwidth C tota i = 600.3 Mbps, i.e., 143.2 Mbps for 40 3.5 Mbps CBR streams and 237.4 Mbps for 20 MOBI sequences. 

10 The average overall traffic load is 493.4 Mbps. To achieve the required QoS stated above, about 550 Mbps bandwidth 
is actually required. Thus, the bandwidth allocation by the CAC therefore has a system utilization of 82.2% (defined as 
the ratio of the offered traffic load to the required bandwidth computed by the CAC), and the maximal efficiency the sys- 
tem can achieve without violating the QoS is 89.3% (defined as the ratio of the offered traffic load to the required band- 
width found from simulations). 

is Whilefthere has been described and illustrated a method of providing multi-class connection admission control for 
high speed ATM switches and networks, it will be apparent to those skilled in the art that modifications and variations 
are possible without deviating from the broad principle and spirit of the invention. 



Claims 

20 

1 . A multi-class connection admission control method for admitting a connection of a preselected class to an ATM 
switch situated within a telecommunications network, said method comprising: 

a first step of determining an equivalent number which correspond to a bit rate determined in relation to the 
25 number of sources already admitted to the ATM switch and the number of sources expected to be admitted to 

the ATM switch ; 

afeecond step of determining any additional capacity that must be added to a current capacity assigned to the 
pfeselected class such that quality of service (QoS) requirements for all connections of the preselected class 
are met; 

30 accepting a new connection, if the additional capacity is available and a total capacity allocated to the prese- 

lected class does not exceed a maximum capacity limit for the preselected class established by a network 
management system; and 

reducing the capacity by amount of the additional capacity added to the current capacity for the preselected 
class. 

35 

2. The multi-class connection admission control method according to claim 1 , wherein said preselected class is a 
selected from a group consisting of CBR, VBR, and ABR. 

3. The multi-class connection admission control method according to claim 2, wherein when the preselected class of 
40 the new connection to be admitted belongs to the CBR, the additional capacity is obtained according to the follow- 
ing relationship: 

45 where A. p is a peak bit rate for the new connection and Rt, is the bit rate of the equivalent sources; and 

K, the total number of equivalent basic rate CBR sources, including the contribution from the new connection 
is determined according to: 

Rb 

where n is the number of CBR connections that are already admitted by the switch and Xp is the peak bit rate 
55 for the CBR connection i (i = 1, 2, n). 

4. The multi-class connection admission control method according to claim 3, wherein said additional capacity, 
is determined according to the following relationship: 
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wherein 



^ the CBR Cass as the pressed Cass after the new connection is accepted and 
is the capacity required for the CBR Cass asm P 

Ucbr » 

ik * thp CBR class before the new connection is accepted and 
is the capacity of the CBR ciass u« 



wherein 

t x 

2 * K * (a + K * Rb ~ TT~ b 



delay = 



K + 



K 



tma 



x 



- Brtt X 

35 1 + 



such that the QoS requirements of all CBR connections 



induding the new connection, are met. 



e thp multi-class connection 
^ determining a sum of the peaK raies ™ 

7. a multi-class connection admiss.on comro 
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accepted belongs as the preselected class to the class of the ABR, a minimum cell rate (MCR) is processed like a 
rate of the CBR. 

8. An ATM switch for use in collectively supporting a plurality of traffic classes and admitting a connection of each traf- 
fic class, comprising: 

a plurality of inputs and a plurality of outputs; 

a plurality of input buffers which are arranged in correspondence with said input ports each of which is classi- 
fied into a plurality of buffer regions corresponding to the respective traffic classes; 
a free pool of buffers connected to the input buffers; and 

a connection admission controller for managing said buffers and said free pool of buffers; 
said connection admission controller comprising: 
* means for determining an additional capacity to be added to the existing capacity so as to satisfy the service 
of quality (QoS) concerned with all connections including the new connection; 

means for accepting the new connection, if the additional capacity is available in the free pool and the total 
capacity allocated to the traffic class of the new connection does not exceed a maximum capacity limit estab- 
lished for the traffic class of the new connection by a network management system; and 
means for reducing the free pool of available capacity by the additional capacity added to the existing capacity 
for the traffic class of the new connection. 

9. The ATM switch according to claim 8, further comprising: 

a plurality of output buffers located after the free pool; and 

means located after the output buffers for carrying out admission control operation. 

10. The ATM switch according to daim 8, wherein the new connection belongs to a traffic dass selected from a group 
consisting of CBR, VBR, and ABR. 
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